Abstract-A novel bearingless stirring permanent-magnet (PM) (BSPM) machine is proposed in this paper, which can offer high torque density, high efficiency, simple structure, and low cost. The novelty of the proposed machine is to provide a clean environment and no pinch-off areas in a stirred tank bioreactor and integrate appropriate magnetization directions of the PMs in the rotor. Firstly, the topology and operational principle of the proposed machine are described in detail. Then, the machine is designed for a given set of specifications, and its electromagnetic performances are analyzed by timestepped transient finite-element method (FEM). Next, after the analysis of loss, a thermal simulation is established, complying with the design requirements. Finally, the efficiency and power factor map of the proposed BSPM machine are simulated for validation.
INTRODUCTION
Nowadays, with the development of the economy, it is difficult to support the requirements of mankind merely based on the supply of petrochemical resources [1] . Therefore, the utilization of biological resources has been focused and investigated by many scholars [2] . Furthermore, it should be noted that animal cell suspension culture, which has become an important part of industrial production, is the major source of biological resources. Bioreactor acting as the key equipment of cell suspension culture is an important part of maintaining cell growth [3] . Because animal cells are easily damaged in the process of cell suspension culture, bioreactor applications need high sealing and gnotobasis [4] . However, until now, a bearing machine is still commonly used in conventional bioreactors which has a lot of problems [5, 6] . First, it needs repair and maintenance from time to time, which will bring about liquid pollution in the bioreactor. Then, pinch-off areas will also be generated by using bearing topology, which will increase the possibility of cell destruction. However, by adopting a bearingless machine as a bioreactor stirrer, the aforesaid shortcomings are able to be conquered [7] . The bearingless machine is advantageous over a mechanical bearing machine in high requirements of clean environment and no pinch-off areas [8] [9] [10] [11] . Since bearingless machines can magnetically levitate rotor, shaft and additional mechanical bearings are not required in their topologies. Hence, this machine is completely free of lubrication and does not suffer from abrasion, which guarantees long life time and low maintenance costs of the machine in bioreactor. The purpose of this paper is to apply a bearingless machine into the field of bioreactor stirrer and improve its torque density further. Therefore, a new PM array is proposed in this paper as shown in Fig. 1 together with that of an existing design.
In this paper, a novel 6-slot/16-pole exterior bearingless stirring permanent-magnet (PM) (BSPM) machine with Halbach PM array will be designed for a bioreactor with volume equaling to 400 L approximately. The topology and operational principle of the proposed BSPM machine will be described in Section 2. Then, in Section 3, by using Maxwell software, the dependable design and performance optimization of a BSPM machine will be shown in detail. After that, the magnetic performance of the proposed BSPM machine will be illustrated in Section 4. Next, the simulated results will be given to verify the design requirements. Finally, the conclusions will be drawn based on the preamble analysis in Section 5.
MACHINE SPECIFICATION AND OPERATIONAL PRINCIPLE

Machine Specification
The cross section of a stirred tank bioreactor is shown in Fig. 2 , in which a BSPM machine adopting an exterior rotor topology is installed. As shown in Fig. 3 , the proposed BSPM machine is composed of 6 stator slots and 16 PMs. Furthermore, it is worth noting that the BSPM machine is installed at the bottom of a tank, which is beneficial to creating no unexpected flow-low regions. Besides, high torque density can be obtained by adopting exterior rotor construction and halbach magnetizing. It should be noted that the Halbach PM array adopted in the proposed machine is able to increase the torque density and reduce the harmonics of back-EMF. Concentrated-winding structure is also adopted in the proposed BSPM machine to increase torque density. In addition, this proposed machine offers a three-phase bearing force levitating the rotor. And a three-phase drive control also makes sure that the proposed BSPM machine rotates smoothly without large torque ripple. 
Bearing Forces and Torque
At present, a double-winding structure which has two sets of windings superimposed on the stator teeth is adopted by most bearingless machines. One provides electromagnetic torque, and the other provides levitation force. However, in the proposed BSPM machine, a set of windings making the rotor rotate and suspend at the same time is adopted. The structure of the single winding not only is simple, but also reduces the occurrence of machine failure to some extent. The passive control having 1-axis degrees of freedom and 2-rotated degrees of freedom can be obtained by adopting this winding topology. Moreover, the radial control which has 2 degrees of freedom can also be obtained. In the axial and rotated directions, the principle of passive suspension control can be illustrated in Fig. 4 . Besides, it should be noted that the proposed topology has sufficient reluctance forces to stabilize the axial position and tilting. When the axial displacement occurs, the magnetic force will pull the rotor back to the equilibrium position. In the radial direction, the active suspension can stabilize the 2 degrees of freedom. It is worth noting that the model of levitation force has close relationship with the winding number and current. Each coil creates the radial and tangential forces, and their superposition leads to the total composite bearing force. The mathematical model of each coil n can be obtained as follows:
where k x and k y represent the force factor in the x-direction and y-direction, respectively, and N is the number of windings, I ni the current suspension component and θ r the electrical rotor angle. As a result, the total composite bearing force in x-direction and y-direction can be derived as follows:
For BSPM machines, only specific stator magnetomotive harmonic, known as working harmonic, interacts with the PM field to produce continuous electromagnetic torque [12] . The torque generated by each coil n in the proposed BSPM machine can be given by
where α is the mechanical angle, p the magnet pole-pair number, n T the factor of drive current, and I mi the current torque component. As a result, the total torque of BSPM machines can be derived as follows:
MACHINE DESIGN
The relationship between maximum electromagnetic torque and electromagnetic load can be obtained as follows:
where B δ1 is the amplitude of air-gap flux density, L ef the axial length of BSPM machine, D i1 the diameter of stator, and A the effective value of electrical load. When the electromagnetic load is selected, the main dimensions of BSPM machines can be derived as:
The leading design parameters of the basic module of the proposed machine are defined in Fig. 5 . The choice of these parameters can be guided by the sizing equation and should follow a number of design criterions [13, 14] . The ratio between axial length and diameter in BSPM machine can be expressed as:
it is within the range from 0.6 to 0.7 in BSPM machines. Considering the rated torque, rated speed and restrictions of the container size, the stator outside diameter and axial length are about 116 mm and 74 mm, respectively. For the proposed machine, these parameters in Fig. 5 play a key role in its electromagnetic performance. So, it is very important to optimize these parameters, determined by considering their effect on back-EMF and other performance indicators, such as torque and inductances. The air-gap length in BSPM machines is defined as δ g . The thickness of the rotor encapsulation δ 1 is 1 mm, the thickness of the stator encapsulation δ 2 1 mm, and the thickness of tank wall δ 3 sheer forces low, a fluid gap δ 4 equal to 2 mm should also be required. Therefore, the air-gap of BSPM machine can be obtained as follows:
In addition, the effect of the thickness of PM H pm on the back-EMF is illustrated in Fig. 6 . It should be noted that the peak back-EMF is increased by raising H pm . However, if H pm is too large, the remaining back iron gets saturated. Therefore, the stronger PMs do not result in higher magnetic flux density. And the maximum back-EMF can be obtained when H pm equals 8 mm. The last main design parameter is the stator tooth width W t . As shown in Fig. 7 , the coherence between W s and torque is depicted. It should be noted that the general trend of torque is increasing-deceasing. And the maximum torque is able to be obtained when W s is equal to 15 mm. Based on Maxwell software, the optimal parameters is listed in Table 1 .
PERFORMANCE EVALUATION
Winding Topology and Field Distributions
The slot electrical potential star vectogram is shown in Fig. 8(a) . It is seen that Phases A, B, and C mutually differ 120 degrees. Based on Fig. 8(a) , stator winding connection in BSPM machines can be obtained (see Fig. 8(b) ). As shown in Fig. 9 , the air-gap flux density of proposed machine is analyzed by FEM and compared with that of the existing one. It can be seen from Fig. 9 that the proposed machine has higher magnetic flux density than the existing one. Furthermore, as shown in Fig. 9(b) , the 8th harmonic is the working harmonic generating torque, and 4th, 14th, 16th, 20th, and 26th are tooth harmonics, which are the main source of generating magnet eddy current (EC) loss. 
Flux Linkage, Back-EMF and Inductance
The FEM-predicted PM flux linkages are illustrated in Fig. 10 . It is seen that the flux linkage of the proposed machine is greater than that of the existing machine.
The phase back-EMF E can be expressed as
Therefore, it can be obtained from Eq. (9) that the back-EMF is only connected with the rate of change in the flux linkage. Since the amplitude of flux linkage in the proposed machine is greater than that in existing machine, the back-EMF of the proposed machine is also greater than that of existing machine as shown in Fig. 11 .
The self-and mutual-inductances of each phase can be predicted by FEM as well, as shown in Fig. 12. For example, the self-and mutual-inductances of phase-A are calculated as 
Torque, Loss and Thermal Analysis
Because Halbach structure is beneficial to improving the ability of magnetic congregate effect, the torque of the proposed machine is obviously greater than that of the existing machine, as shown in Fig. 13 . Furthermore, it can also be seen from Fig. 13 that the torque has linear growth when the range of Q-axis current is from 0 to 36 A, which indicates that the proposed BSPM machine has overload ability. Finally, it should be noted that the results calculated by 2D FEM are in a good agreement with 3D FEM. High temperature of the machine not only damages the lifetime of the machine, but also affects the environment of a stirred tank bioreactor. Hence, in order to analyze the thermal properties of the proposed BSPM machine, the occurring loss needs to be determined. Iron losses including hysteresis loss, EC loss and excess loss are generated in the stator and rotor owing to the change of magnetic fields [15] . In addition, due to cogging effect and ample magnetomotive force (MMF) harmonics in BSPM machines, magnet EC loss does exist in BSPM machines [16] [17] [18] . Besides, copper loss will also be generated in the stator windings [19] . Taking the circumferential and radial components of magnetic flux density variation into consideration, the iron loss in watts per kilogram can also be derived as in Fig. 4 .
where K h , K c , and K e are the coefficients of hysteresis loss, EC loss, and excess loss, respectively; f is the fundamental frequency; B t,i and B r,i are amplitude of the ith harmonic of the tangential and radial magnetic flux density, respectively; B t,m and B r,m are the maximum value of the ith harmonic of the tangential and radial magnetic flux density, respectively. Finally, the total iron loss can be given by the sum of every part of BSPM machines. Fig. 14 compares the variations of stator and rotor iron loss with respect to rotor speed for which the same method and lamination steel characteristic as given in Table 2   Table 2 . Material characteristics (M19-29G). are employed. It is seen that the general trend of stator and rotor iron loss with respect to speed is in parabolic growth. Since the air-gap flux density generated by the proposed machine is greater than that of the existing machine, the iron loss of the proposed machine both in stator and rotor is slightly greater than that of the existing machine. Furthermore, the magnet EC loss caused by asynchronous harmonics can also be calculated as follows:
where J h and σ are the EC density of hth harmonics and conductivity, respectively. Fig. 15 makes a comparison of magnet EC loss between the proposed machine and existing machine at rated speed 500 r/min. It is worth noting that the magnet EC loss of existing machine is lower than that of the proposed machine, which is due to the segmentation of PMs. Magnet segmentation is conducive to cutting the EC path, thus decreasing magnet EC density. In addition, it is well known that copper loss is the main source for machine loss. Based on Joule's law, it depends on the resistance and the current flowing through it [20] . The copper loss can be calculated as follows:
where R is the coil resistance; I d,rms and I b,rms are the rms value of the drive current and bearing current, respectively; n represents the ratio between the drive and bearing currents.
Ultimately, the efficiency η of the proposed machine is given by
where P 2 is the output power, ΣP the total loss, P F e the total iron loss, P Cu the copper loss, P P m the magnet EC loss, P Ω the mechanical loss, and P ad the stray loss. The efficiency map and power factor map of the proposed BSPM machine are shown in Fig. 16 . When the speed is from 0 to 500 r/min, the machine operates at constant torque. When the speed is from 500 to 2000 r/min, the machine operates at constant power. Finally, at rated condition, it can be seen from Fig. 16(a) and Fig. 16 (c) that the efficiency and power factor of the proposed BSPM machines are 0.97 and 0.77, respectively. In this paper, efficiency map is calculated by Ansoft script. In fact, it is calculated by many points, and these points also paint a cloud picture after processing. Actually, there are no data on both sides of the small area. Therefore, there does exist some problems at almost zero speed and low torque region. However, it has little effect on our calculation, because the machine cannot operate at this region for a long time. Furthermore, Fig. 16(b) illustrates the total loss in contour plot over torque-speed range. It can be obviously seen that the total loss is increased with the increase of rotor speed. In addition, suited temperature is also very important for BSPM machines in stirred tank bioreactor. Hence, the thermal analysis of the proposed BSPM machine is carried out by using Motor-CAD software, whose calculation is based on thermal circuit. Firstly, the geometrical parameters of the BSPM machine and windings should be input into the geometry sections of Motor-CAD. The crosssection views of the SWBFM in Motor-CAD can be illustrated below in Fig. 17 . Moreover, it should also be noted that the material for the housing is chosen as the default aluminum alloy 195 cast, and the copper winding is specified as pure copper. M19-29G material is adopted for the stator and rotor core. In addition, it is also worthy of noticing that the interface values and contact resistance between different materials, the radiation effect, and the natural convection around the motor exterior are specified as default Motor-CAD values. Next, it can be seen from Fig. 17 that the rotor temperature of the proposed machine operating at rated condition is 106.9 • C, which indicates that it complies with the environment of bioreactor tank. Also, the average temperature of stator and windings are approximately equal to 155 • C and 158 • C. Finally, it can be seen that the maximum temperature of PMs is 108 • C, which cannot increase the risk of PMs irreversible demagnetization. Compared with practical temperature, the indoor temperature and wind is the source to affect the accuracy of simulated results. However, it is able to be neglected within error. In general, according to thermal analysis, it can be concluded that the proposed BFPM machine can operate well without overlarge heat.
CONCLUSIONS
In this paper, a novel BSPM machine that employs a clean environment, no pinchoff areas in a stirred tank bioreactor and appropriate magnetization directions of the PMs in the rotor has been described. Based on simulated results, it is shown that the proposed machine exhibits high torque density with relatively large air-gap necessary for the targeted application in a stirred tank bioreactor. A thermal analysis reveals that the loss is in an acceptable range for rated operation condition so that there is no negative effect on the bioreactor application. Hence, the proposed BSPM machine is especially competent for bioreactor stirring applications.
